Casimir-Lifshitz interaction between ZnO and SiC>2 nanorods in bromobenzene: 
retardation effects turn the interaction repulsive at intermediate separations 
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We consider the interaction between a ZnO nanorod and a SiC>2 nanorod in bromobenzene. Us- 
ing optical data for the interacting objects and ambient we calculate the force — from short-range 
attractive van der Waals force to intermediate range repulsive Casimir-Lifshitz force to long range 
entropically driven attraction. The nonretarded van der Waals interaction is attractive at all sep- 
arations. We demonstrate a retardation driven repulsion at intermediate separations. At short 
separations (in the nonretarded limit) and at large separations (in the classical limit) the interac- 
tion is attractive. These effects can be understood from an analysis of multiple crossings of the 
dielectric functions of the three media as functions of imaginary frequencies. 
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Casimir predicted already in 1948 pj the attraction be- 
tween a pair of parallel, closely spaced, perfect conduc- 
tors a distance apart. Almost 50 years later Lamore- 
aux 0-01 performed the first high accuracy measurement 
of Casimir forces between metal surfaces in vacuum. An 
interesting aspect of the Lifshitz-Casimir force is that 
according to theory it can also be repulsive 0-0| ■ The 
aim of this brief report is to demonstrate nonmonotonic 
distance dependence in the Lifshitz interaction between 
nanorods in solution. The force may go from attrac- 
tive to repulsive to attractive as the separation is in- 
creased. Early theoretical and experimental efforts in- 
directly demonstrating repulsive Casimir-Lifshitz forces 
were reviewed in a recent communication Q. Mun- 
day, Capasso, and Parsegian [9] performed the first direct 
force measurements that demonstrated that the Lifshitz- 
Casimir force could be repulsive by a suitable choice of 
interacting surfaces in a fluid. They speculated that this 
effect could allow quantum levitation of nano-scale de- 
vices . 

When two objects are brought together correlations in 
fluctuations of the charge and current densities in the 
objects or fluctuations of the fields usually result in an 
attractive force 0, [H, [Tol-fl?! . At short distances this is 
the van der Waals force [11]; at large distances the finite 
velocity of light becomes important (retardation effects) 
and the result is the Casimir force P, [l5j]. With retar- 
dation effects we here mean all effects that appear be- 
cause of the finite speed of light; not just the reduction 
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in correlation between the charge density fluctuations at 
large distances; new propagating solutions to Maxwell's 
equations appear that bring correlations between cur- 
rent density fluctuations. When these propagating modes 
dominate we call the force Casimir force; when the sur- 
face modes [l4| dominate we call the force van der Waals 
force. The classical literature says that retardation is due 
to the finite speed of light that weakens the correlations. 
This is misleading. It is due to the quantum nature of 
light [H EH; this becomes obvious at the large separation 
limit where the weakening is independent of the speed of 
light. 

Much interest has been focused on nanowires and 
nanorods [2(| HH and their potential applications in 
nanotechnology. For instance ZnO [13, [23[ and SiC-2 
[24| nanorods are interesting as potential building blocks 
in future nanomechanics and in life science applications 
[25l | . Noruzifar et al. (26[, and much earlier Davies et 
al. [l^l, investigated Lifshitz forces between metal wires. 
The interaction between conducting particles can be sur- 
prisingly long range (27| . The interaction between rod- 
like particles was investigated by different groups [28l — 
|34| . Ninham and co-workers in particular investigated in 
great detail the Lifshitz-Casimir interaction between thin 
dielectric rods [T3 . |35| . We will exploit their result (3f| 
obtained for thin rods with diameters much smaller than 
the rod separation. We present calculations for a system 
with a silica (Si02) nanorod (2 nm diameter) [36] inter- 
acting with a zinc oxide (ZnO) nanorod (2 nm diameter) 
across Bromobenzene (Bb) [j|) and demonstrate that at- 
tractive and repulsive Lifshitz forces are produced in one 
and the same system. 

The Casimir force can be calculated if the dielec- 
tric functions (for imaginary frequencies, iu) are known. 
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Figure 1. (Color online) The dielectric function at imaginary 
frequencies for Si02 (silica) (36| . Bb (bromobenzene) [jj, and 
ZnO (zinc oxide). 



These functions are shown in Fig. [I] The dielectric func- 
tion of ZnO on the imaginary frequency axis was ob- 
tained using a modified [14| Kramers-Kronig dispersion 
relation applied to the function on the real axis. The 
function on the real axis was calculated using a partially 
self-consistent GW approach [371 38], where the Green's 
function method was based on the local density approx- 
imation within the density functional theory. There is a 
crossing between the curves for ZnO and Bb at a low fre- 
quency and another crossing between the curves for Si02 
and Bb at a higher frequency. This opens up for the pos- 
sibility of a transition of the interaction, from attraction 
to repulsion and back to attraction. 

The interaction of material 1 (Si02) with material 2 
(ZnO) across medium 3 (Bb) results in a summation of 
imaginary frequency terms [l2l |35| 
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Figure 2. (Color online) The Casimir-Lifshitz interaction en- 
ergy per unit length between ZnO and Si02 nanorods (each 
with 2 nm diameter) in bromobenzene. The fully retarded free 
energy is attractive in regions I and III but turns repulsive in 
region II. The nonretarded energy and the n=0 contribution 
are both attractive and they decay oc R . 
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The momentum dependence is found in the functions 

7 Q = \J k 2 + e a (cj n /c) 2 . The parameters a and b are 
the radii of the two rods. Note that positive values 
of F correspond to repulsive interaction. We recently 
investigated the interaction between a planar gold sur- 
face interacting with a planar silica surface in bromoben- 
zene @. There the nonretarded van der Waals inter- 
action was attractive while both the long-range Casimir 
asymptote and the long-range entropic asymptote were 
found to be repulsive. In contrast in the present system 
shown in Fig. [5] it is only for intermediate separations 
that retardation turns the interaction repulsive. The re- 
versal of the sign of the Casimir energy with retardation 
for intermediate separations as compared to without re- 
tardation is due to a subtle balance of attractive (high 
and low frequencies) and repulsive (intermediate frequen- 
cies) contributions. When the separation increases from 
its lowest value the attractive contributions at high fre- 
quencies are weakened by retardation at a higher rate 
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Figure 3. (Color online) The absolute value of the ratio be- 
tween the retarded and nonretarded interaction free energy 
per unit length (the nonretarded energy is attractive and 
oc R~ 5 ). The fully retarded free energy is attractive in re- 
gions I and III but turns repulsive in region II. 



than the repulsive contributions at intermediate frequen- 
cies. At large separations the low frequencies dominate 
giving again attraction. The distance- dependent Bessel 
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functions, Ki (RJ3) = Ki 

in the Lifshitz expression for the Casimir energy, Eq. ([3]) , 
has the effect that all frequencies contribute to the non- 



retarded van der Waals force while only low frequencies 
contribute in the long range retarded Casimir regime. 
The ultimate long-range asymptote, the entropic term, 
only includes the zero frequency mode. The zero fre- 
quency contribution is attractive and follows the same 
power law as the nonretarded asymptote. It is seen to 
be possible to via the optical properties tune the mate- 
rials used such that they give repulsion at specific sep- 
arations. In this case only at intermediate separations. 
There is also a, to our knowledge not yet experimentally 
observed, maximum of both the repulsive and attractive 
parts of the Lifshitz-Casimir interaction energy. 

We show in Fig. [3] the absolute value of the ratio be- 
tween the retarded and nonretarded interaction free en- 
ergy. The aim of this figure is to illustrate the deviations 
from the simple attractive nonretarded i? _5 -power law. 
It is clear that retardation changes quite dramatically the 
interaction between silica and zinc oxide nanorods. 

Using optical measurements on the interacting objects 
and liquid makes it possible to predict the force — from 
short-range attractive van der Waals force to intermedi- 
ate range repulsive Casimir force to long range entrop- 
ically driven attraction. It should be noted that at 1 
IMH separation the thermal entropic effect starts to be- 
come important. This is similar to what we found for the 
Casimir force between real metal surfaces in vacuum (39| 
and between gold and silica in bromobenzene Q. 
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